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channels were selective for calcium, barium, and strontium over monovalent
cations and anions. The single channel conductances for Ca++, Ba++, and Sr++
were 5 pS, 8.5 pS and 5 pS, respectively, in symmetrical 0.25 M Me4+C1 2 .
Membrane depolarization increased the probability of channel opening and
decreased the probability of channel closing. There was an apparent
reciprocal relationship between the single channel conductance and the mean
open lifetime fo)" the three permeant cations tested, suggesting a possible
relationship between channel gating (voltage dependence) and ion permeation.
These calcium channels may be the pathways for calcium entry during stimulus-
coupled release of neurotransmitter at synapses in the central nervous system.
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SUMMARY

Sodium channels and calcium channels from rat brain membranes, have
been incorporated into planar phospholipid bilayer membranes and charac-
terized electrophysiologically. Currents through many channels (macroscopic
currents) and those through single channel molecules (single channel cur-
rents) were studied. The sodium channels were activated by the neurotoxin
batrachotoxin, and were selective for sodium over potassium, cesium, and
chloride. They opened as the membrane was depolarized, and were blocked by
nanomolar concentrations of the neurotoxins saxitoxin (STX) and tetrodo-
toxin (TTX). The single channel conductance was 30 pS in symmetrical 0.5 M.
NaCl, 0.1 mM CaCl2. Block of single sodium channels by STX was found to be
dependent on the membrane potential with depolarizing potentials reducing
the potency of STX block by as much as 50-fold. Both blocking and unblock-
ing rate constants were affected by the membrane potential: depolarization
decreased the rate (probability) of channel block by STX and increased the
rate (probability) of unblock. These sodium channels are responsible for
depolarizing phase of the action potential in nerve and muscle cells and
appear to constitute the sole site of action of STX and TTX, Single calcium
channels from rat brain membrane vesicles were also incorporated into
planar bilayera; both macroscopic and single channel calcium currents were
studied. The calcium channels were selective for calcium, barium, and
strontium over monovalent cations and anions. The single channel conduc-
tances for Ca+*, Be+a, and Sr** were 5 pS, 8.5 pS, and 5 pS, respectively,
in symmetrical 0.25 M Me++Cl2. Membrane depolarization increased the
probability of channel opening and decreased the probability of channel
closing. There was an apparent reciprocal relationship between the single
channel conductance and the mean open lifetime for the three peraeant
cations tested, suggesting a possible relationship between channel gating
(voltage dependence) and ion permeation. These calcium channels may be the
pathways for calcium entry during stimulus-coupled release of neurotrans-
mitter at synapses in the central nervous system.

•C r

S.... FOREWORD

In conducting the research described in this report, the investigators
adhered to the "Guide for the Care and Use of Laboratory Animals," prepared
by the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council (DHEW Publication
No. (NIH) 78-23, Revised 1978).
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EXPERIMENTAL RESULTS

(for the period 8/1/82 through 7/31/83) .
S

A. SPECIFIC AIMS OF LAST PROPOSAL.

in this section of the report we list the Specific Aims of our
original proposal (for three years). The subsequent comments summarize
the progress made (if any) on each Specific Aim during the first year of
the project. P.

1. To develop and refine methods to study ion salective channels from
excitable membranes incorporated Into planar bilayers.

During the first year of the project, we have developed the capability
to study two different types of ion channels incorporated into planar bi-
layers. New electronic circuits, designed and built by our group, provide
higher resolution and frequency response as well as capacity compensation.
Further improvements are in progress. We now have four set-ups in opera-
tion, two of which are interfaced to microcomputers. Software has been
developed to analyze single channel fluctuations due to voltage-gating of
single channels and to the blocking and unblocking of the channels by STX. 1.
Both "painted" and solvent-free "folded- planar bilayers are in use.

2. To survey the diversity of other ion channels incorporated into
bilayers from neuronul and cardiac muscle preparations, Including other
voltage-gated channels, calcium-activated channels, and channels activated
by putative neurotransmitter substances.

We have identified and characterized voltage-dependent calcium
channels in planar bilayers exposed to rat brain membrane vesicles. The
results are summarized below (see Nelson at al., 1984, ref. 29)

3. To study voltage-dependent, saxitoxon (STX)-sensitive sodium IL
channels from rat brain membrane incorporated into lipid bilayers.

As summarized below in Krueger at al. (1983) (7) and French at al.
(1984) (15), we have charicterized the reconstituted sodium channels
with respect to voltage dependence and ion selectivity. Of particular
interest was the finding that block of single sodium channels by STX was
voltage-dependent with block being up to 50-fold less potent at depolar-
ized potentials.

4. To provide a definitive characterization of the calcium-activated
potassum channel from rat brain.

IL
This part of the proposal has been dropped in order to devote full

time to the study of sodium and calcium channels. .

5. To characterize, in bilayers, channels incorporated from myocardial
membranes, focusing in particular on the role that calcium plays as a
charge carrier and modulator of conductances in cardiac membranes. ,

This phase of the project has been deferred to the second year and
preliminary experiments are in progress.

4 .L
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Work under this contract has resulted in three publications: S

Krueger, B.K., J.F. Worley, III, and R.J. French. Single sodium channels
from rat brain incorporated into planar lipid bilayer membranes. Nature
303: 172-175 (1983).

-0.

French, R.J., J.F. Worley, III, and B.K. Krueger. Voltage-dependent block
by saxitoxin of sodium channels incorporated into planar lipid bilayers.
Sialia Journal 4: 301-310 (1984).

Nelson, M.T., R.J. French, and B.K. Krueger. Single calcium channels from
rat brain in planar lipid bilayers. Nature 308: 77-80 (1984). 0

Each section of the report below, will consist of a brief summaery of
one of the above components of the project together with conclusions and
future plans, followed by a complete text of the resulting publication.

Staff members on this pro3ect attended the filloving scientific
meetings to present the experimental results from this pro3ect: -

R.J. French. Biophysical Society Heeting, San Diego. CA. 2/83.

M.T. Nelson. Biophysical Society Heeting, San Diego, CA. 2/83.

B.K. Krueger. Gordon Research Conference, Molecular Pharmacology, 6/83 ""'
(Invited Speaker). .,

R.J. French. Gordon Research Conference, Cell Membranes, 7/83 (Invited
Speaker).

R.J. French. International Physiological Congress, Sydney, Australia,
8-9/83 (Invited Speaker). 0

The work described in French et al. (1984) was solicited as a
Plenary Discussion Paper for the Fourth Biophysical Discussion, Airlie,
VA, 10/83. R.J. French, J.F. Worley, M.T. Nelson, and B.I. Krueger were
t.nvited to attend the conference. .
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C. SODIUM ?ANE• AML•_AR §jLAYgR8"§":

Summary. Voltage-dependent sodium channels from rat brain were 0
incorporated into planar phospholipid bilayer meahranes. The channels
were activated by bitrachotoxin (BTX) on the side opposite rat brain
membrane addition (tran*)nnd were blocked by sexitoxin (STX) from the
side of vesicle addition (cis). This allowed the assignment of the cis
aide as the outside of the bilayer with respect to the channels. Both -

macroscopic (multichannel) and single channel currents were studied. The .
single channel conductance was 30 pS (30 x 10-12 ohms-1 ) in symmetrical
0.5 M NaCI. STX blocked with en apparent dissociation constant of about
4 nM. Stepwise, unitary current fluctuations were observed which were
due to the blocking and unblocking of individual sodium channels. Single
BTX-activated sodium channels were selective for sodium over potassium,
cesium, and chloride. Hyperpolarization favored channel closing. Block
of single sodium channels by STX was voltage-dependent with hyperpolari-
zing potentials favoring block.

The results described above followed from preliminary results ob-
tained with membrane vesicles from rat brain, in which calcius-activated
potassium channels were observed in p'anar phospholipid bilayers exposed
to the brain vesicles (Krueger, French, Blaustein, and Worley. abstract
in Biophys. J. 37: 170a, 1982). We knew that the vesicles also contained
sodium channels because binding of 3 H-saxitoxin (STX) was enriched in
the vesicles (3). When the protocol of Miller (2) was used, with the
exceptions that NaCl replaced KC1 and brain vesicles were added, a STX-
blockable conductance appeared in the bilayers. This result also re-
quired that betrachotoxin (BTX) be present on the side opposite vesicle
addition. BTX inhibits sodium channels inactivation and causes the
channels to remain open at the normal resting potential (3-6). Further
study indicated that under appropriate conditions (low vesicle concen-
tration) a single channel could be incorporated into the bilayer and
studied for some time. We characterized the"e BTX-activated sodium
channels at the single channel level with respect to potency of STX
block, ion selectivity, and voltage dependence. Details of these results
can be found in the publication that follows (7). There seems to be
little doubt that these channels are identical to those that are respon-
sible for the depolarizing phase of the action potential of nerve cells
and that are the only know site of action of STX and TTX.

Several particularly interesting findings case out of this work. This
was the first report in the literature of the successful incorporation of
voltage-dependent sodium channels into an artificial membrane. There had
been some concern that the decane present in the planar bilayers (8) might
alter the function of the channele. however, the properties of the channels
are remarkably similar to those of normal and BTX-activated sodium channels
in intact cells (4,6,9-12) including single channel parameters (10-12)
studied by the patch clamp technique (13). Recently, this conclusion was
supported by the demonstration that nonane and decane do not affect sodium "
channels in squid axons (14). By taking advantage of the fact that in the
presence of BTX, the channels are nearly always open at membrane potentials

6



of _60 mV, we demonstrated stepwiae, unitary current fluctuations due to
the blocking and unblocking of individual sodium channels by STX as
shown in figure 2 of ref. 7. This demonstrated for the first time that -

block by STX is all-or-none, that is, a channel is either fully open or ,
completely blocked by STX. Another interesting result that is described
in more detail in the next section and (15) is that block by STX is
affected by the membrane potential with depolarizing potentials reducing
the potency of block by up to 50-fold.

The results obtained are particularly encouraging, not only because
they provide additional detailed information about the functional proper-
ties of sodium channels and about SrX block, but also because they suggest
a method for assaying the function of channels that have been removed from
nerve membranes by detergent treatment and subjected to biochemical manipu-
laticns and purification. Several groups have purified the STX binding site .
from mammalian nerve and muscle membranes (16,17) and have also reconasti-
tuted the purified binding sites in phospholipid vesicles by removing the
detergent. These reconstituted binding sites exhibited BTX activated 2 2 Na

fluxes that were blocked by STX (18,19). This method lacks control over the
membrane potential, and even using a rapid mixing device (20), time resolu- -

tion is limited to about 50-.00 mesc. Reconstitution of sodium channels in
planar bilayers as we hnve described, provides the means to assay function
on a physiological time scale with control over the membrane potential.
Research is under way in Dr. Krueger's lab, with support from NIH, to
purify STX binding sites and to assay function of thesr purified channels
by reconatitution in planar bilayers.

Technical note: The traditional voltage convention in planar bilayer
publications was used in ref. 7 (i.e., the reference potential was that of
the trans side). It was found that all of the channels incorporated into
the bilayer with their STX blocking sites facing the g" side, allowing us
to define WJ as the extracellular side with respect to the channels.
Membrane potentials reported in ref. 7 are therefore opposite t.o the normal
cellular convention (outside at reference potential). Data reported in ref.
15 are given in the normal cellular convention.

7,
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Repeinledfitri Nuuro. Vl 303.* Nii 54lJ. pp 172-175. 12 1-ay "113
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Singe soium hahnls fomide was held at virtual ground. The area-specific resistance Ofbralesoin m i crp ratedsfo the bilayer before addition ( biological materialwa
rat bri nop rtd-10"Acin'; the cutoff freq~uency of the current-tn-voltwageC
into planar lipid bilikyer membranes converter was -80 lz. All etiliriflienut were performed at

ambient temperature (22-25 C0.
Bruce K. Krueger", Jennings F. Worley III Membrane vesicles were preps:ed frenm rat brain homro-

& Robert J. FrUe bt genaties as described by Krueger et aL.. Briefly, fresh rat fore
brains were homogenized in isoitonic sucrose, using a cavitatling

Depairtments of Phtysiology* and of Biophysks
t
. Univeni.ir of tissue disrupter. Low-speed ll.00C~it and intermediate-speed

M~Ind chol f rlercre.Balimre.irtesund211. SA (1000,!)0~ pellets were discarded and the high-speed s *

(100,000g) pellet was suspended in 0.4 Ms sticrose: "n stored
at -77 TC for up to 6 months before use. The specific activ-t

A voltage-. asd tlme-depemadeu conductance foe sodiam lose Is of 'H-STX binding was enriched about fivefold in thia f raction0
renponsible for the gens eratl of lizpulses Ia most nerve isad compared with the crude homogenate: at least 60% of the
munscl cel' Classoem In the "oime eoo~ductne, asee produced bindng sites werv recovered in thin fraction. We have sucetss-
by the 0relgsdduu fmeydsrt raessa fully incorpoirated sodium channaels from as least 12 different
haumneb. We prausu ijereethe Letarepea f eliectricsaveresard- membrane preparations obtianaed by this method.

laws from nvlae-ead allsodiu chaaaels baeorparated ala IncorTotratiets of sodium channelsa wo achieved by the--
planar Upd 'bilayears. Is baltyeea with -my cheanela. lusion' method"~. Addition of mnembriane vesicles tor the cis .

hastraclaosoladi (ETX) Induced t steady-owae sodium eWracen chamber. withs 0.6 I&M BTX preise-it on the irem~ side. resmlied
that wel blockaii by malslexima (MT) ral asaassaloml cejjacsutn in stepwise increases in conductance. After 5-30 min, the c i-
dones. AM chaaaselisasppmedri in the bilayer with their SIX d-ictance of 'he miembrane increased by 30- 1,000 pS. Be~ore
blocking kltass faelig tlai aide of vesilde asdout.a allowiag us to addition of membrane vesicles. the csznductiance was 10- cO Its.
iltdae theat the evtacwllasa "~. Camuif luctuations dues Both BTX and vfticls were required tot produce the ýxnstduct.
to the openiag sadl eloping of single BTX-activated sodium aneiirae iueI uw h sreta-n.A a piay
chawaael were volag-4epeideut (oak eonuductance. 30 PS In bilayer foll~owing addition of membrane vesir~cs (10 Kig ml-')
0.5 M NeaC): the chawanls closed Mf Isaee hpeirpolaetiziag as described above. About ! 5 pA floreeJ acrse the membran, .

prfeleatlas. Skitwee Macituacloin of the sease ampltiude, due to at ±30 mV: a steady-state. voltage-itadependent sodium con-. .

the bickvag rod unblocking ot IndivIdhual channesa weoe see ductance is not aurprising because, in the presence of BIX. ,
after adddou of STX. Block of the sodium dulisaaels by SI7X sodium channels in nerve close only when the membrane is
was voltage-depeeadeut, with hy pee ,Alarlalag poteutals Iavest- hyperpolarized beyond -90 mV (refs 10, 11 and see Iselow).
lag bloac. Thes volaga.eperadenr gatiag lonic selctiviy ead Addition of 0.3 jaM SIX to the cis side resulted in almoat a_
ararsuroxou seandtivlty sageoll .a these aret the chaaasels that comnplete block o: toe membrane conductance. In this experi-
aormally eaderiie the sodlum corductiance cheape dtuars the ment. the conductance in the presence of SIX wass nearly
nerve iinpulses. ident~cal to that seen before incorporation of mrembrane

Planar bilayerst were formied by the method of Mueller ei of. vesicles. In general, the number of channels incorporated and
acrosa a 0.25-0.5 mm diameter hole in a polystyrene partition the rate of incoriporation are dependent on the concentration..
separating two chambers. both normally containing 0.5 NI NaCI. of membrane protein added to the cui side. At h~gjs concentra-
10 mM HEPES. 0.15mM Cia.l, 0.1 MM MgCIr. 0.05 mM1 tions (10 ig m ') several channels usually appear in the bilayeir .

EGTA. pH 7. The membrane-forming soltnon zoptained within 5 min. In order to obtain only a single channel or very
33mgmii' phosphatidyleihantilamin., (bovine brain; Avanti few channels, very low protein concentrations (0.2 A ml-')sare
Polar Lipids) and 13 mg mlV plosphatidyiserine (bovine brain; used snd longer periods lup to030 miii) are required. Chrinnels_ -

Avrnti) in decane. The curre-It across the bilayer was measured can usually be studied for at least 30 mtin after incorporation;
and command voltages were applied to the bathing solutonts in ham-)e case a single membrane with one or a few channels, .-

výa a pair of Ag/AgCI eler.itrodes T'he side to which vesicles hits been studied for 2 h, with repeated changea in ionic condi- x .

were adoed was desicoated the cis side; the opposite (tras) tions by p.-rftusion oal the cis chamber. 7

310 mV - -- -asY b

10mV . Add STX -

I T W.

Fi. . ttlock of conductance by STX. Rat brain membrane vesicle% were ircoreporated into th(lna istrfs~ deco- nth et

with (1,t M NaCl on birth sides and 0 A ,M HTX on the mWanst sIde. As the ron concentrations 'in both sides o*A the membrane were identical,
be revmral itio-currentl potential was olmv. fefore the beginning of ibis record, the conductance had increased is several discrete jumprs
lone such jump cra. be seen at arrivw it With the membrane potential held at e t1lmV, borth Oahambers were stirred bheginning 51 arrow 2,
Ansd 01 pM STX was addcd to ihr us side iarrow li, t7re disturbance just betore STX addition was due tir lnserrtiit of the pipette into the
cis cl4mbet The current recordf was Altered lire-paosI at 2 lit. b. roNr-respasnse curve fior STX trtoch. Same conditions u% in a escept that
the STX ciracentratmon ott the co sid -a" rasoid In increments 1E.. - OflmVi Iit this case, the data hate been corected by subtracting
2ll-pA. STX~indiepevslenl current is WkM SIX cit ar-d Psirn . Thre curve was drawn five a blocker with a idissocitaion conistant of 5 nM.Te

hart idcicat sunditird errors



Figure Ilb shoirs the effect of varying concentrations of STX IfUcUtuaionsl of similar magnitude were also observed in the
leis) aos the conductance of the bilayer. Half-maximal black of absence at SIX. Examples of these singile-channel fluctuations
the conductance occurred at abat- 1 n 5CUSTY (at +30 mV). can be swen in Pigs U. b and 3 (inseta).
which is similar to the K, for black af macroscopic sodium The unexpected oliservation that block of BTX-sctivated
currents in nerve by, SiX""4 and to the X. for binding of sodium channels by STX was voltage dependent is shown in
radolabelled STX"~. Btckof the canductance by STX was Fig. 2b. After additio, of 0.32 1 )LM STX to the cis side of a
completely reversed by perfusing the cis chamber with toxin- membrane cootair lig seven C.Qdium channels. the channels
free solution. Addition of up to I C&M SM to the &am side remained conducting about 5% of the time at -30 mV but only
did not affect the menmbrane conductance. This sidedness of I ýý of the time at +30 mil. Thiere was an even more dramatic
SIX block indicates that the channels were incorporated into difference betweest the percentage block at -60 mV and that
the bilayer with their extracellular sides aCidngt cis. at +60 mV (see Fig. 2 legend). Thtus, voltages that would

Figure 2a shows a current record taken alter esponure of enhance entry of STX (a divalent cation) into the channel favour
the bilayer to membrane vesicies in the prep.-nce of 11TX. and block. Although bMock of carduic sodium channels by TTX has9
subsequent block by 0.3.1.3 and 5 1sM STX (cis). Ite stepwise been reported to be voltapi depender.t6, this conclusion bas
fluctuationls in th.- omeence os STX seemed to reflect the block. Ieen challenged on technical grounds"' and is not supported
ing and unblocking of individual sodium channels, because by more recent viltagle-ciamp sttudies'". Such an effect has
the mean duration of the conducting start wallsubstantially not beens reported is neuronin. He- ver, because of the long
shortenead by raising the VT- concentration on the cis side. relaxation times for SIX block (v - P C at K. - 5 nM; [(M]J
lWemurement of the eanat times is the zero- and one- 100 nM). the magnitude of the peak sodium current during a
channel conductancis levels at +30 mV. indicated tha the single vohage-caing pulse relects thes degree of block at the
oil-rate andl on-rate constants for SIX block were 0.05 s- and preceding hoding potential rather than at the pulse potentia!.
1.1 x 10's" Wi. respectively. implying adissiodation constant Even the complex puise protocols required to test for steady-.
of 4.5 nM (compare with Fig. Ib). In many experiments. with state vo~age-depetide, t STX block of sodium channels without
very few channels incorporated. discrete. stepwille conductance 11Th treatment"~. can be used to explore only a limited voltage

01,A - - - --- - ----- - - - --

F~g 2a. Single soimas hne - -... - L
current Rutuesutsom induced by MT.%
sodium *hanes were incorprss.d
ins. thes bilsyr ft described is fig,

lgn.Top: merStrace as I I Pm C:> _j ------ r'-
-60 V. Lower traum: same Mme-
bran.e as -60 .Vli following addition
of 9).3 i&l 1.3g.6 a&d 5 iLt SiX
to the cis side. The srrows indicate
the sero-oessra level for each -

recor. 11e conrsistrco weretn
filtered llow-Cimss) as 20 Hr on play-
back. b. Voltage IdepIndose of SIX
block Same membrane as.isa above
before (lop) and after (bottoal) ad&s
tiom of 0.32 .M STX to the cis sideA
(voltages, show as bottom r~e'e to
both traces). 87X (0.6 tIM) wasl
lvesent on theateea s$de. The cur-lT
rest records were Altered at 20 Hz
on playback. The fraction uA rta,- 5 PA~-- -
elts that remained cooducting atII

remiots potientiash is gv~ei belor-

potential %Not
eria-~S)t blocked Jos

-60 MV 0.7
.30 mv .2 a
-3. mV 5.3
-65) niV 22.6

1.0 M %TA



range. Our ability to examine the steady-state voltage depen- 0~, ,

dcnce of STX block over a wide range of potentials is a con- iisi'g

) ~~sequence of tI'e inhibition of sodium chann..l inactivation by C
IIIX. We cannot exclude the possibility that the high SodiumI concentration or channel modification by BTX are necessary
for the STX action to be voltage dependent.

Figure 3 illustrates tle seleo*ivity of single I3TX-activated ?4-.0
channels. In this experiment, the cis chamber was perfused
with a vesicle -free solution containing 0. 1 M NaCI. 0A Ms KCI. -
The trait, chamber containc&. 0.5 M N& CI and C.6 i.M BTX.
T'he reversal potential for the single-channel currents in this
experiment was about +36 mV tE.,. -41 mV) which implies a -0
pet-meability ratio P5/P.. otl 0.06 (mean of 0.07±*0.02 (s.e.l *)rnv
in three experimental. In -,similar experiment using CsCI itt~ ~ -

instead of KO,. we were unable to detect any permeability to -

Cu (that is, the zero-current potential approcniated E5... ThveVt ~~~~Pr/P,. ratio is lower than that obtained for BTX-modified *-ii.I -
channels in the it-ide of Ransier"' and in neurablastomna cells el, 0
in culture" ". and is comparaole with a Pit/Pa of about 0.08 ininv
for unmodified channels in itie node off Ranvieri"". In general. A

permeability ratios depend on the ionic composition of the - C
bathing solutionnii2. and can even differ significantly between
two related cell lines"'.

The single-channel current fluctuations in symmetrical 0.5 M

NaCi (Fig. 3. open oirlesl revealed a unit conductance of about 4 pAI
30 pS. This value is consisvent with the repointed value of abwutii ~ 15-18 pS using the patch-clamp tecfiniiue"' (but see ref. 261.
considering the much higher Sodium coascentrati"n used in our
experiments and assuming a saturating conductance-activity
relationtship1'. T~he single-channel conductance with 0. 1 M
Naa and 0.4 M KCI on the cis Wie and 0.5 M NaCI on the
twits side (Fig. 3. closted circles) was 23 pS. which was somewhat Fig. 4 Voltage dependence of HTX-activated chsannels, A single
lower than in symmetmikal 0.5 M. Na&i solutionas. sodium chanavti was incorporated in the planar hilayern ndescnihedifFiue 4illustrates the voltage dipensdence of asinsk BTX. ahove. Recoedsart shmownat .70. .80. .90 and + 100 mV (cu-
activated sodium channel incorporated into a planar bilayer. naiotasindicated. 'C' and'O'indicate the clo"e- and open-siate
At poientiails less than +70 mV. the sodium channel wan open current leves. respect.vely. ilie nro-esnerent le,,el toe ceacti record
>"9% of the time; at more ponative potentials, the channel was -0.3-0.5 pA below the closed-state level. Records were
began to close for brief intervals, many of wihich were too shors filtered at 60 Har on playbsack. BTX (0.6 LMI -its present ors the

tirans side. Similar results were obtained in three expefiriments
to be fully resolved by owr amplifier. At very lr~ge potentials aigsnl-hne iaesfo w iirn etrn

preparations.

the channel was closed almost all the timne. The midpoint of
the conductance-voltage curve was about +95 mV. As the
sodium channels were oriented in the bilayer with their extracel-
lular sides ISTX-blocking sites) facing cin, positive potentials

a across the bilayerco-responded tolicell ioteriorl negative poten.
tials in Siru.

0 (.v)The specific block of the conductance by STX at nanomolar
concenttations. the activation of the channels by BTX, the
s.2lectivity of the channels for sodium over potassium, and the
voltage dependence together with the unit conductance, indi-
cate that these channels are the well studied sodium channels
of excitable cells. As the planar bilayer system allows control
of the solutions on both sides of the membrane and the lipid
composition of the bilayer. it should be useful for biochemically
modifying specific sites on the channels as well as for charac-

-::__ terizing purified sodium channels.
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D. VOLTAGE-DEPENDENT BLOCK QE §g~igU gNtNEgý g §A. gIILz

Summary. Our preliminary finding, reported in ref. 7, that the potency
of block of sodium channels by STX varied with the membrane potential was
investigated in detail in French at al., (1984) (15). All experi-
ment& were conducted on b11ayers containing only one or a few sodium
channels. The voltage dependence of STX block was evaluated from steady
state measurements of the fractional block as a function of STX concentra-
tion over a range of membrane potentials. It was found that the dissocia-
tion constant (KI) for STX block ranged from about 1 ni at -60 mV (near the
normal resting potenticl) to about 50 nM at +60 mV. By evaluating the
kinetic parameters of unitary single channel fluctuations inducel by STX,
we were able to determine that depolarization decreased the blocking rate
constant and increased the unblocking rate constant. At each potential, the
KI derived from kinetic parameters agreed well with the KI obtained from
steady atate determinations. We have subsequently found that block of
sodium channels by TTX is also voltage-dependent and that the steepness of
the KI vs. potential relationship is about the same as for STX.

Voltage-depencent STX block was entircly unexpected. Several investi-
gators had previously considered the possibility that STX or TTX block was
voltage-dependent (7,21-23) but in each case no evidence could be found to
demonstrate such an effect of voltage on block. One report (24) suggested
that depolarization of heart cells increased the potency of TTX block,
however, the validity of the experimental methods used to carry out those
experiments have been questioned (25), and more recent studies have failed
to confirm that finding (26). As summarized above, our results demonstrate
that depolarization reduces the potency of STX block at least under the
specific experimental conditions used in our experiments.

A voltage-dependent process suggests that one or more electric charges
are interacting with the membrane electric field. The most likely candidate
for those charges is the STX uolecule itself which is a divalent cation
under physiological conditions. One possible mechanism is that the binding
site for STX lies inside the channel at a location within the membrane
electric field. Thus block by STX, approaching from the outside, would be
favored by negative-inside (hyperpolarizing) potentials, making the potency
of block greater (27,28). Our results are consistent with this model except
that binding of STX to the channels should be voltage-dependent under
virtually all conditions; binding of radiolabeled STX and TTX to souium
channels has been shoun to be independent of membrane potential (7,21). A
second possibility is that STX or TTX in its binding site can be influ-
enced, electrostatically, by another cation (e.g., Na+ or Ca*) residing at
another site within the channel, even if the STX binding site were not
inside the membrane field. Occupancy of the second site would disfavor
occupancy of the STX binding site by repulsion of like charges. With this
model, if the Na/Ca binding sita were within the membrane field, the vol-
tage dependence of STX binding would arise ýndirectly from the voltage
dependence of Na/Ca binding. In the renewal proposal for this contract, we
proposed a number of experiments that should allow us to determine whether
one of these two mechanisms for voltage dependence of STX block is correct.
Another question for investigations is whether STX block is voltage depen-
dent only in BTX-activated sodium channels or whether the phenomenon occurs
in normal channels as well. Experiments were proposed to anower this ques-
tion as well.
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VOLTAGE-DEPENDENT BLOCK BY SAXITOXIN OF

SODIUM CHANNELS INCORPORATED INTO PLANAR

LIPID BILAYERS

ROBERT J. FRENCH, JENNINGS F. WORLEY, 11, AND BRUCE K. KRUEGER

Departments of Biophysics and of Physiology. University of Maryland School of Medicine, Baltimore,
Maryland 21201

ABSTRACT We have previously studied single, voltage-dependent, saxitoxin-(STX) blockable sodium channels from
rat brain in planar lipid bilayers, and found that channel block by STX was voltage-dependent. Here we describe the
effect of voltagc. on the degree of block and on the kinetics of the blocking reaction. From their voltage dependence and
kinetics, it was possible to distinguish single-channel current fluctuations due to blocking and unblocking of the channels
by STX from those caused by intrinsic channel gating. The use of batrachotoxin (BTX) to inhibit sodium-channel
inactivation allowed recordings of stationary fluctuations over extended periods of time. In a range of membrane
potentials where the channels were open >98% of the time, STX block was voltage-dependent, provided sufficient time
was allowod to reach a steady state. Hyperpolarizing potentials favored block. Both association (blocking) and
dissociation (unblocking) rate constants were voltage-dependent. Tih equilibrium dissociation constants computed from
the assoiation and dissociation rate constants for STX block were about the same as those determined from the
steady-state fractional reduction in current. The steepness of the voltage dependence was consistent with the divalent
toxin sensing 30-40% of the transmembrane potential.

INTRODUCTION position, within the transmembrane field, of the toxin

Recently, we reported that single sodium channels from rat binding site, or identification of the nature of an associated

brain could be incorporated into p'anar lipid bilayers voltage-dependent reaction.

(Krueger et al., 1983). In the presenc: of the neurotoxin Because sodium channels normally inactivate within a

batrachotoxin (BTX), unitary current fluctuations result- few milliseconds after opening, peak sodium currents

ing from the opening and closing of individual channels during depolarizing steps from hyperpolarized holding

were observed. The reconstituted sodium channels, closed potentials are normally used to determine channel avail-

at hyperpolarizing potentials, were selet.tive for sodium ability for conduction. Voltage-dependent block by TTX or

over potassium or cesium, and were blocked by nanomolar STX would be missed if such a voltage-clamp method were

concentrations of STX. In that study we found that block used to study the degree of block. Because of the slow

of sodium channels by STX was voltage-dependent, with association and dissociation rates for STX and TTX
hyperpolarizing potentials favoring block. Here we present binding, a relaxation time of several seconds, at nanomolar

a more detailed analysis of this voltage dependence. concentrations, is expected for a new stetdy-state block to
An accurate description of the effect of voltage on the be teached. Thus, the decrease in peak sodium current

toxin-induced block is an essential step toward understand- during a single test pulse indicates the degree oif block at

ing the molecular detaiL; of the toxin's action. The voltage the holding potential, because the block cannot re-

dependence could be due to the passage of the divalent equilibrate within the duration of the test pulse. The use of

toxin through part of the transmembrane voltage as it BTX, which inhibits sodium channel inactivation (Albu-

approaches or leaves its binding site. Although our data are querque et al., 1976; Khodorov, 1978; Huang et al., 1982),
consistent with this simple picture, the actual physical has allowed us to study the voltage dependence of block by

basis of the voltage dependence could be more complex. STX in the steady state.

For example, an obligatory voltage-dependent reaction, MATERIALS AND METHODS
such as a gating transition or the vacating of a nearby ionic
binding site, could be associated with toxin binding. Evalu- Planar Bilaye. Formation
ation of the voltage dependence under a variety of condi- Planar bilayers were forned by the technique of Mueller et al. (1963)

tions will be needed to choose among the different alterna- acrou a hile (0.25 mm diam) in a polystyrene partition separating
tives. These data should permit determination of the solutions containing 0. M NaCI 0..15 mM CaCl, 0.1 mM MgCI. 0.05

BIOPHYS. J. C Biophysical Society • 0006-3495/84/01/301/10 S1.00 301
Volume 45 January1984 301-310
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mM EGTA. 10 mM Na-ItEPES, pH 7.0. The membrane-forming All records wcc visually monitored on a CRT display during analysis.

solution contained 33 mg/ml phosphatidylethanolamine (bovine brain) Limiting current levels used in determining the fractional open times, and

and 13 mg/ml phosphatidylscrine (bovine brain) in decane. The phospho- discriminator levels for the dwell-time analyse, were checked against a

lipids were obtained from Avanti Polar Lipids (Birmingham, A L); decane whole group of records before carrying out the analysis. If necessary, the
was repurified before use ty passage over neutral alumina. Saxitoxin selected values were changed to accommodate small shifts in the baseline

(paralytic shellfish poison standard) was obtained from the Food and within a series of records. Also, all analyses were oriented toward the

Drug Administration (Cincinnati, OH); BTX was a gift from Dr. John interval, usually the whole record, demarcated by two vertical cursors.

Daly (NIAMDD. 3kthesda. MD). When necessary, we excluded from the analysis abnormally noisy
segments of records-for example, occasional periods of high frequency,

Preparation of Membrane Vesicles tionquantai fluctuations possibly caused by partial, reversible, breakdown
of the mcmbra 'e.

Membrane vesicles were prepared from rat brain as described by Krueger Fractional open times, resulting from voltage-dependent channel gat-
et al. (1979). Briefly, rat forebrains were homogenized in isotonic sucrose ing and from STX block of the channels, were determined independent of

using a cavitating tissue disrupter (U;traturrax, Tckmar Co.. Cincinnati. the dwell-time analysis. The background leakage current, it. across the
OH) and the homogcnate was subjected to differential centrifugation. membrane, with all incorporated channels closed or blocked, was deter-
The !,000 g and the 10,000 g pellets were discarded and the 100,000 g mined either by settinga horizontal cursor at the low conductance edge of
pellet (P,) was resuspended in 0.4 M sucrose at 10-20 mg protein/mi. the envelope of these fuctuation, or by averagirng cursor-selected, long,
Aliquots oi" P, were storeu at - 770 for up to six months without loss of well-defined events during which no channels were conducting. The
activity. This fraction was enriched about fivefold in 'H-STX binding maximum current, i,,,, (all channels conducting) was determined in an

sites as compared to the crude brain homogenatc (Kruegeret al., 1979). analogous manner. The average current, (i), over a long stretch of

record (averaging -20 s for gating, or - 170 s when studying STX-block)
Incorporation of Sodium Channels was determined. The fractional open time, f., is then given by

Incorporation of sodium channels was accomplished using the -fusion"
techniqaie (Miller, 1978; Cohen et al. 1980; 1982). The membrane vesicle f. - (W() - it)/(ir.. - 0L) (I)

suspension (100-500 ng/ml protein) was added to the cis side of a and the fractional closed or fractional blocked time is (I - fj.
preformed planar bilayer and BTX (600 nM) was added to the trans side. Dwell-time distributions were determined, one conductance level at a
The conductance of the membrane increased in steps, each reflecting the time by scanaing records for periods when the current fell in a target zone
incorporation of one to several single sodium channels (Krueger et al., tween tysc rimin ator pels Then discrimnt fels weretnebetween two discriminator levels. These discriminator levels were en.-
1983). Following incorporation of the desired number of channels (no,- tered betw the conductance level of interest and the -djaccnt ones on

mally one to five), the cis side was perfused with vesicle-froe solution, either side. The program was based on a digital triggering routine which
STX was added to the cis side from a 1,000-fold concentrated stock recognized positive or negative slope transitions into or out of the target
solution. zone. Dwell times were scored us a density function that recorded the

Dnand Analysis number of occurrences at each possible dwell time. After scanning a
Data Acquisition andcomplete set of records, cummulative distri-,jtion functions were calcu-

The current across the bilayer was measured and command voltages lated (sc Fig. 7) to display the total number of events lasting at least as
applied to the bathing solutions via a pair of Ag/AgCI electrodes. The long as any given time, t. If a conductance level corresponds to a single,

side to which brain membrane vesicles were added was designated the cis time-homogeneous, Markovian kinetic state (e.g. Colquhoun and

side; the opposite (tram) side was held at virtual ground. Prior to addition Hawkes, 1981; French and Horn, 1983). these distributions should be a
of biological material, the conductance of the bilayer wam <20 pS (- 10' single exponential with a mean value equal to the time constant for decay

S/cm
2
) and the capacitance was -0.5 sAF/cm'. Two current-to-voltage of the exponential. In fact, for 19 calculated distributions, based on an

converters were used in these studies, one having a bandwith of -80 Hz average of 126 events each, the time constants. r, were linearly dependent

and the other -500 Hz. Similar results for the steady-state voltage on the mean dwell times, (t) (correlation coefficient, r - 0.97) with a

3 dependence of gating of BTX-activated sodium channels. in the absence slope of 1.3. Thus. the distributions were approximately, but not perfectly,

of STX. were obtained with each of these converters. The faster Amplifier exponential, with more short events than expected. These additional
was built using an LFI 57H operational amplifier (National Semiconduc- events may have been due to the transient, partial breakdown of the

tor, Santa Clara, CA). and a I0' ( ± I%) fl feedback resistor (Eltec model membrane already mentioned, or to rome iafrequently occupied, poorly

102). Data were recorded continously using an FM tape recorder (Vetter, resolved, and short-lived kinetic state. We cannot choose between these

model B) during an experiment, at or near the bandwidth of the alternatives. In the Results and Discussion sections that follow, we define

current-to-voltage converter. Subsequently, the data were digitized in the characteristic dwell-time constant, r, for a distribution as the value

4,096 point-segments at I, 2 or 5 ms per point using a Nicolet 2090-3A obtained by a linear least-squares fit of the cumulative distribution to the

digital oscilloscope, and the digitized records were stored on floppy disks, function

Data transcription and analysis were controlled by a microcomputer
(Micro II, Plessey Peripheral Systems, Irvine, CA) based on an LSI-I 1/2 In N(t) - In NT - t/ir (2)

processor (Digital Equipment Corporation. Maynard. MA). Software for
data handling and analysis was developed using the interpretive language where N(t) is the number of events with a lifetime of at least t, and NT is
of DAOS (Data Analysis Operating System, Laboratory Software Asso- the total number of observations. The fits were performed over the decline
ciates, Melbourne. Australia). of the distributions from NT to a value of -0.05 NT. (For each of the 19

For analysis of STX-induced current fluctuations, the records were log-transformed cumulative distributions, r > 0.97.)
filtered (low-pass) with a coiner frequency of 30 Hz using an eight-pole
Bessel filter (902 LPF lB, Frequency Devices, Haverhill, MA). This Voltage Convention
eliminated most of the brief closing fluctuations caused by the voltage-
dependent channel gating process, leaving visible the longer events which In this paper we have expressed all voltages in the normal cellular
were primarily due to STX block and unblock. Even at a bandwidth of physiological convention (inside minus outside) on the assumption that

500 Hz. many of the visible transitions resulting from the voltage- STX acts only from the extracellular side. This is the reverse of the
dependent channel gating were incompletely resolved. We have not convention, E. - E(cis) - E(trans), used in a numi .r of planar bilayer
attempted a dwell-time analysis of these fluctuations. publications and by Krueger et al. (1983).
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RESULTS (>98%) of the time. This point will become important in .

our analysis of the voltage dependence of STX block.
Single-Channel Current Fluctuations Due Examining the lower section of Fig. I, it is immediately
to Gating and Due to STX Block obvious that a number of "closing" events of much longer

Fig. I illustrates the two temporally distinct populations of duration appearafter addition of STX. In fact, "closing" of

current fluctuations through sodium channels in bilayers the channels becomes much mo-c probable and, at -60

when both BTX and STX are present. The first of these mV, there are several intervals during which neither
consists of brief closing events that generally last for channel is in the conducting state. These long periods

periods of a few tens of milliseconds or less, and appears to during which one or both channels are "closed" occur only
include many events that are too brief to be completely in the presence of STX, and hence it is reasonable to

resolved at the bandwidth of our recordings (cf. Quandt conclude that they are caused by STX block of the
and Narahashi, 1982). When viewed at sufficiently high channels rather than by closing of the channel gates. This

resolution, many other fluctuations are seen as roughly conclusion is also supported by the observation that the

square current steps, which consistently correspond to a probability of entering one of these long-lived "closed"

unit conductance of -30 pS in 500 mM NaCI (see Fig. 3). states increases proportionately as the STX concentration

This population of brief closures, from a well-defined is increased (Krueger et al., 1983, and see below).

"open" current level, can be seen in both the absence and Fig. I illustrates two further points. At +60 mV, with I

the presence of STX (see upper and lower records in Fig. nM STX present, no particularly long-lived -closing" step

I). We presume that these relatively rapid fluctuations are occurs. Immediately after the voltage change to - 60 mV,
due to the voltage-dependent gating of the BTX-activatcd -30 s follow in which there is still no extended "closure."

sodium channels. The steady-state voltage dependence will Both channels remain open for most of this time. At longer

be discussed in more detail below. Observations on numer- times, however, there are continuous stochastic current

ous preparations appear to show a slight but systematic fluctuations including periods during which both, one, or

variation in the kinetics of the fluctuations when the neither channel is blocked.' (Only the 0-channel and

voltage was changed from -60 -nV to +60 imV. At I-channel levels are shown after the initial blocking event ,

positive potentials, closings were sl:ghtly less frequent, but in Fig. i, lower trace.) This, the lower record in Fig. I

tended to be somewhat longer in duration. However, ever hints at two conclusions: that negative voltages favor block

this entire range, the channels remained open almost all by STX, and that it takes many seconds to establish a new
stationary-state following a step in voltage at this STX
concentration. I

O NOLDependence of the Open and Blocked Dwell

S .- Times on STX Concentration
If wo are to establish that the slower population of fluctua-

4 pA tions, just described, are caused by STX binding to and
106 dissociating from the channels, two criteria should be met.

+ I nM STX First, the lifetime of the blocked state should depend only
on the intrinsic rate of dissociation of the blocker from the

0_, . - --- channel, and hence should be independent of STX concen-
tration. Second, for any given channel, the lifetime of the
open state wil! depend on the rate of binding of the toxin, "
which, for a 1:1 stoichiometry, would be directly propor- -

FIGURE I Current fluctuations from a membrane containing two BTX- tional to the STX concentration. This prediction may be
activated sodium channels. A downward deflection in the current record generalized to apply to a membrane containing several
represents an inward (cis to tran) current across the bilayer. Zero channels using the birth-dcath analysis applied by Labarca
current levels are shown by the arrows. Top trace. control record. The
channels remained open almost all of the time, with brief closings towards et al., (1980). With the additional assumption that chan-
the zero-current !evel. These closings were presumably due to the nels present in the membrane are blocked independently of
voltage-dependent gating of the channels. The +60 mV segment was
actually recorded after the -60 mV segment, but is shown here preceding
the - 60 mV segment to facilitate comparison with the lower record taken "
in the presence of STX. Capacity transients are limited by the range of 'In Fig. I (bottom trace) the time spent at the two-channel level (reither
the pen sweep. Lover'trace: record taken after addition of I nK.STX to channel blocked) prior to the long 'closure" after changing to -60 mV is
the cis side. The long closing steps, including an extended period during about equal to the mean dwell time 128 s) predicted by the rate constant
which neither channel was conducting, were morst likely due to black of for STX block determined later in the paper. The calculated probability
individual channels resulting from the binding of STX. Records were that both channels would remain unblocked for at least 30 s following the
filtered (low pass) at 60 Hz on playback. voltage step to -60 mV isp - 0.34.
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one another, one predicts the following relations Voltage-dependence of Gating of
BTX-activated Sodium Channels

I/r, - nX (3) The data presented in Figs. 3 and 4 show how a channel's

intrinsic, voltage-dependent gating determines the proba-whcre ro, represents the characteristic dwell-time constant bility that a channel will be found in the open state. In the
from the distribution of "zero-channel-open" dwell times, sample current records at -70 mV (Fig. 3, right), .4
n is the number of channels in the membrane (n - 7 forte re s
experiment that was analyzed in detail for this paper), and resecte o f Fig. ca nsed ony fosingrespect to those of Fig. 1, one can see only a few closing ::
X is the rate of dissociation of STX from a single channel fluctuations in the current record. Although at -70 mV
(in s'). In addition, most are too brief to be completely resolved, many more

closing fluctuations are visible as the voltage is further
I/rk - (n - k)X + kd[STX]. (4) hyperpolarized to -80 mV, and at -90 mV the channel

flickers rapidly between open and closed states, spending
Here, r, is the characteristic dwell time in the current or an almost equal fraction of the time in each. At - 100 mV
conductance level for which k channels are open, and 0 is the channel is closed -3/4 of the time. A parallel illustra-
the rate constant, in M' s-, for binding of STX to the tion of this voltage-dependence appears in the frequency-
channel. For the one-channel level, as one approaches amplitude histograms, in which the number of data points --

conditions under which all channels are blocked, 1/ri at each conductance level is plotted against conductance.
approaches fl[STX]. In Fig. 4, we have defined the operational range and

In Fig. 2, we plot the characteristic reciprocal dwell steepness of this voltage-dependence by fitting the frac-
times against [STX] at +58 mV, for the zero- and tional open time, f,, to a Boltzmann function of the
one-channel levels. The value of I/ri increases linearly voltage, E:
with [STX] (slope - 1.1 x 106 M-s-'), while on the same
scale, I/,r. is essentially independent of STX concentration f. - 1/11 + exp(qF[E - E0.5 I/RT)1. (5)
(r - -0.28). The zero intercepts of the regression lines do The precise values taken by this function are determined
not differ significantly from the predictions of Eqs. 3 and 4, the pr ales tae thisrfunctin are d nd
given the scatter in the data. Thus, the fluctuation kinetics by the parameters q, the apparent gating charge, and £05,

the voltage at which f. - 0.5. The value of q determine.;
are consistent with the commonly accepted 1:1 stoichiome- the slope of the curve and E0.5 is the midpoint of the range
try for STX binding to the channels, of voltages over which f. changes. Actual values of these ,

parameters were obtained by a linear least-squares fit to
A the following function derived by rearranging Eq. 5.

A LIn([I - f.]/f.) - qF(E - Eos)/RT. 'o)

-onV • A

0 0 o- -. omv

o0

STX COCETRTIN 40 ,
FIGURE 3 Voltage dependence of gating of a single, BTX-activated

FIGURE 2 Dependence of the reciprocal dwell times on the STX sodium channel. Histograms of frequency of occurrence vs. conductance
concentration. Dwell times at each concentration were estimated as (left), and sample digitized records (right) are shown. A downward S
described ii Materials and Methods. The reciprocal dwell time in level 0 deflection in the current record represents an in% :-d (cis to trans) current
(no channcls open) is determined by the rate of STX unbinding from the across the bilayer. The arrow on the right side ot each current record
channel, and is independent of STX concentration. The reciprocal dwell indicates the zero-current level. The vertical bar at the bottom of the left
time in level I (one channel conducting) is primarily determined by the panel indicates 500 points for the histograms; the spacing betwecn the
rate of STX binding, and is linearly dependent on STX concentration, arrows below the histograms is 30 pS. Records were Intered at 80 Hz on
Lines shown are linear least-square fits to the data. For level I. slope - 1.1 playback from an FM recorder. In the range of - 70 mV to - 100 mV, the
x 10' M's' and the correlation coefficient, r -0.93. For level 0, r - channel goes from spending most of the time in the open state (-70 mV)
-0.28. E - + 58 mV. to spending about 3/4 of the time in the closed state (- 100 mV).
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FIGURE 4 Voltage-dependence of channel gating. The fractional t,,:en time (f.) is plotted vs. voltage (left) and the same data are plotted in

linearized form, lnif./(l - f,)] vs. E, on the right. The linearized data were fit by the assumptkn that the channel spends 50% of its time open at

Es - -93 mV, and that there is a gating charge of SeC/channel. Further details appear in the text. Data are from the same membrane as those

shown in Fig. 3.

The values obtained-an aplarent gating charge of 4-6 STX at -60 mV, whereas, at +58 mV, up to three, and
electronic charges/channel (5.6 ± 1.0, SE, three experi- occasionally four, of the seven channels in the membrane
ments), and a half-open voltage of E - -93 mV (-93 ± 5 were open simultaneously. At these voltages, channels
mV, SE, three experiments)-are close to those deter- remained open >98% of the time in the absence of STX
mined from macroscopic current measurements on BTX- (see control record, Figs. I and 3). Block by STX thus
activated sodium channels in voltage-clamped neuroblas- appears to be voltage-dependent. We have observed, with-
toma cells (Huang et al., 1982). The key point to be made out exception, qualitatively similar voltage dependence in
for the purposes of this paper is that the probability of the each of six experiments.
channel gates being found open changes significantly with To examine the voltage dependence of the steady-state
transmembrane potential only over a restricted range of fractional block quantitatively, we determined, from
voltages that is more negative (hyperpolarized) than -60 extended recordings, the mean current, corrected for the
mV.2  conductance of the bilayer with no channel conducting.

The fraction blocked, f%. was then estimated as
Saxitoxin Block is Voltage-dependent in a
Range Where the Channel Gates Remain " I - f. (7) %

Open where f. is the fractional open time defwied by Eq. 1. Plots

of I/fb vs. I/[STXI were then used to estimate the
The remaining results are based on Ioug records taken in apparent dissociation constants, at these voltages, for the--
thte presence of STX from a membrane containing seven
sodium channels. It can be seen from Fig. 5 that all "p
channels are blocked almost all of the time by 320 nM 4 ' [ "-

2
Although we have no direct knowledge of either the resting potential in -40 mY +58 mV

the cells from which our channels originated, or the normal conductance-
voltage relation for these channels in the absence of BTX, it seems likely FIGURE 5 Voltage dependence of current fluctuations due to blocking
that, as in cellular preparations. TX 8 ,.,,itions the conductance-voltage and unblocking of the sodium channels by STX. Current traces from a
curve at more hyperpolarized potentials than normal. Our ionic condi- membrane containing seven sodium channels, with 320 nM STX on the
tions, which were chosen to facilitate channel incorporation and to provide cis side, are shown. A downward deflection in the current record
a reasonable signal-to-noise ratio, include higher than physiological represents an inward (rs to i•ns) current across the bilayer. At -60
monovalent ion concentration.; and internal (tran) calcium, and lower mV. 16 traces are superimpoed; at + 58 mV. 24 traces are superimposed.
than physiological external (cis) calcium. Millimolar concentrations of The recorla were filtered (lowpass) at 20 Hz on playback from FM tape.
internal calcium had little or no effect on sodium conductance-voltage The common level, indicated by the arrows, corresponds to zero current,
relations in squid axon (Begenisich and Lynch, 1975). Lowered external and the currert increment between adjacent levels is - 1.8 pA. Notice that
calcium generally shifts conductance-voltage relations in the hyperpoiar- there were never more than two channels simultaneaualy open at -60
izing direction (Frankenhauser and Hodgkin, 1957; Hille et al., 1975). mV. and never more tha four open at +58 mV. even though control
but the magnitude of this shift would be reduced by the high monovalent records showed current corresponding to seven channels. The voltage %
ion concentration (Hille et al., 1975). These data auuest that our ionic dependence seen her must be due to a voltage dependence of STX block
conditions might produce a negative shift in the f vs. E relation, on the since the channels remaiepen essentially all of the time at these voltagea
order of 10 mY. in the absence of STX (smcontrol trace, Fig. I).
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STX block from the equation N, N,

l/fb(E) - I + K,(E)/[STX]. (8) o
+•a myV

At E - -60 mV, we had sufficient data to estimate fb at , "
only 4wo STX concentrations. In that case we made two N,

discrete estimates of Kd(- 6 0 ) by substituting fb(- 6 0 ) S
and [STX] directly into Eq. 8 and solving for K,(-60 mV) 0 - - -

(Fig. 9, o). 
mv

As indicated by the increasing slopes of the reciprocal OD,

plots in Fig. 6, Kd(E) increases with increasing voltage, a FIGURE 7 Voltage dependence of open-state dwell times. Cumulative

quantitative expression of the observation noted earlier dwell time distributions are shown, forE - + 58 mV and -60 mV for the
that the iegre- of block was reduced at positive voltages one-channel-open conductance level, from the. same membrane as for Fig.

(Fig. 5). The actual dependence of Kd on E is shown in Fig. 5. The abscissa represents time, and the ordinate repit -ents the number of
events that lasted at least as long as the time, t. Left, complete

9. where we compare these estimates from steady-state distributions using a linear scale on the ordinate- right. semilogarithmic.
measurements (open symbols) with those from indepen- plots of the same data. NT, the total number of events observed at each

dent kinetic determinations (a). potential, was 58 at +58 mV and 75 at -60 mV. The straight lines
through the data are linear regression lines through the log-transformed

Voltage Dependence of the Apparent data. In the left-hand parts of the figure, the vertical cursors indicate the

Binding and Dissociation Rates segment of the distribution that was used for the fits shown on the right.
Notice the marked decrease in the open (unblocked) state dwell times

A marked decrease in the dwell time for the single-channel when the voltage is changed from +58 mV to -60 mV. Data were . -

open level, produced by changing the voltage from +58 collected in the presence of 320 nM STX. The time scale bar represents I
o (left frame) and O.Ss (right frame).

mV to -60 mV, is clearly apparent in Fig. 7. This indicates
an increase in tho binding rate for STX over this range. In
Fig. 8, we show the rate constants for binding (blocking), its dissociation. Quantitatively, for the data in Fig. 8, this
B, and dissociation, X, calculated from Eqs. 3 and 4, plotted information is expressed in the following relations:
semilogarithmically against voltage. The voltage depen- AE - A* exp(0.28 FE/Ri) (9)
dence shown by the two rates is complementary, f increas-
ing and X decreasing as E is made more negative. The
regression lines for the sernilogarithmic plots in Fig. 8 A - oexp(-0.35 FE/RT) (10)
suggest that in each of the binding and dissociation steps a L
single, elementary charge responds to -30% of the trans- where Xo - 0.095 s-' and $o - 0.935 x 10' M` s'. The
membrane voltage or, equivalently, two charges sense 15%. value obtained here for f at E - 58 mV (0.38 x 10" M-
Negative voltages, which attract the cationic toxin toward s-t) may be directly compared with the slope (1.1 x I•'
the inside of the membrane, speed toxin binding and slow

1.30 i 0

0,30

t.,"•o.,
I OD -

1 10. oDr e _ _ _ _ _..2

1.00 L _-'--.-- ------ FIGURE 8 Dependence on voltage of the apparent binding and dissocia.

S1 2 3 tion rate constants for STX block of the channels. The rate constants were
1WtTXI (t/iJ) derived from the reciprocal dwell times under the assumption that each of .

the seven channels in the membrane could be independently blocked by
FIGURE 6 Reciprocal plots of dose-response data for STX block at STX. The lines shown are linear least-square fits to the logarithm of the
three different voltages. The reiprocal of the fractional block of the rateconstants(correlationcoefficients, r - 0.98 in each case). Notice that
sodium channel current is plotted vs. the reciprocal of the STX cowcentra- the blocking and unblocking rate constants show a voltage dependence of
tion. with linear regression lines (r > 0.90 in each case) for each set of approximately equal steepness but of opposite sign, such that hyperpolar-
data. Data are from the same membrane as that in Fig. 5. Points shown ization speeds blocking and slows tnblocking. Units on the ordinate are
are for E - +58 mV (e). +30 mV (0) and for -30 mV (half-filled s'- for unblock and 10' M-',- for block. Further details ofthe analysis 3
circles). Apparent dissociation constants derived from these data are are in the text. The rate constants were determined from dwell times
plotted as a function of voltage in Fig. 9. measured in the presence of 320 nM STX.
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M s s') of the plot of reciprocal open dwell times vs. STX peak sodium currents were reduced by the same fraction at
concentration in Fig. 2. Part of this discrepancy can be every voltage, whether the current is inward (negative) or
explained by the filtering of the records prior to analysis. outward. " That study, and others (for reviews, see Nara-
As the STX ouncentration increases, consequently decreas- hashi, 1974; Ritchie and Rogart, 1977) strongly suggested
ing the open (unblocked) dwell time, the filtering obscures that one toxin molecule bound to each channel to produce
a higher and higher fraction of the open (unblocked) block. Subsequently, kinetic studies (Schwarz et al., 1973) --
events. At the highest STX concentration used in Fig. 2, up showed that equilibratio, time constants for TTX-a toxin
to 10%-20% of the unblocking events would be expected to showing comparable binding affinity, block, and unblock
go unrecognized. following a step in toxin concentration-were on the order

The apparent dissociation constant Kd(E) - ,/EflE may of tens of seconds at concentrations near the dissociation
be calculated from these data, and the derived estimates constant. It became clear that measurements of peak
agree closely with those obtained from the steady-state sodium current during a depolarizing voltage step from a
block measurements mentioned earlier (compare open and fixed potential would assay the degree of block for the
filled symbols in Fig. 9). In the context of a model in which steady state reached at the holding potential prior to the
STX must enter the membrane field (cf. Woodhull, 1973), pulse. Later studies by Almers and Levinson (1975),
1d(E) - exp (z 6 FE/Ri), where z is the valence (z - 2 for Ulbricht and Wagner (1975 a, b), and Cohen et al. (198 1)
STX) and 6 is the fraction of the transmembrane voltage examined the effect on TTX block of steady depolarization "' "
sensed by the toxin. When Kd(E), calculated from the preceding a test pulse. In addition, Krueger et al. (1979)
blocking and unblocking rate constants, was plotted examined the effect of potassium-induced depolarization
against membrane potential, we determined a value for z6 on 3H-STX binding to rat brain membrane vesicles. All of
of 0.63 (6 - 0.3), suggesting that the divalent toxin senses these studies appeared to support the earlier conclusion
-30% of the transmembrnne field when bound in the that block by STX was due to voltage-independent binding
steady state. When K1, determined from our steady-state with a 1:1 stoichiometry2 The question then arises, why " "
fiactional block measurements, was plotted against poten- should the toxin block appear to be voltage-dependent for ,
tial, we obtained a value for 6 of -0.4. Hence, 30-40% of BTX-activated sodium channels incorporated into
the volt.4ge affects toxin binding, either directly or indirect- bilayers?
ly. There are at least three explanations for this voltage-

dependent block by STX. The voltage dependence that we
DISCUSSION observed may simply have been overlooked because of the

Hille (1968), in describing the block of sodium channel length of the equilibration tinmes compared with the usual

currents in frog node by STX, wrote "... amplitudes of the duration of voltage damp pulses. The macroscopic relaxa- 0
tion time constant can be calculated from the binding and
dissociation rate constants (Fig. 8) using the expression

,/ ,., - 11(L + 0[STX). (0 1) ::.

- - Using the rate constants for E -0 mV, -,r 5.3 s when
- [STXI - 10 nM. Although the long relaxation times for"0 oTTX and STX block were not taken into account in some

,o earlier studies, this firs' possibility can probably be dis-
carded on the basis of '.he careful tudies of Ulbricht andI Wagner (1975 a, b), Almers and Levinson (1975), and
Coh'en et al. (1981).

"The second possibility is that BTX modification causes
-0 0 so the toxin block t, become voltage-dependent. This possibil-

ebw~l ity is of interest in light of the observation that B17X
induces changes in the ion selectivity of sodium channels

FIGURE: 9 Apparent disociation constants for STX block plotted . (see Khodorov, 1978. for a brief review). To date, we have
tranamembrane voltage. Two independent determinations are shown.
Open symbols (triangles and circles) were obtained from fractional been unable to address this question in our preparation,
blocked times. The open circles were obtained from the slopes of the since with the relatively large bilayers used in these studies -
regression lines in Fig. 6. Sinoce we only determined the fractional block at we lacked the necessary current-time resolution to study
two STX concentrations at - 60 mY, the two individual points are plotted
here (A); the mean of these two points was used, with the open circles, to
calculate the linear regression line (-). The solid symbols and the 'A report by Baer ct al. (1976) that depolarization enhanccsTTX block of
dashed line (-) are the apparent dissociation constants, and the corre- cardiac rodium channels has been challenged on technical grounds
sponding fit, obtained from the rate constants estimated from the dwell (Cohen and Strichartz, 1977. Cohen et al., 1981) and is.not supported by
times (swe Figs. 7 and 8). The half-filled circle represents the superposi- more recent voltage clamp studies (Colats.ky and Gadsby. 1980; Cohen et
tion of an open and &mlid cirle al. 1981).
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sodium-channel currents in the absence of BTX. However, BTX-activated sodium channels), their records (Fig. I C)
published reports suggest that both binding of 'H-STX show a slow, steady increase in current amplitude toward
(Krueger et al., 1979) and block of sodium channels by the end of 50-100-ms dcpolarizing pulses. This could be
TTX (Mozhayeva ct al., 1982) are unaffected by BTX the result of slowly relaxing, depolarization-induced
activation, release of TTX block of the BTX-activated channels.

The third possibility is that one of our experimental
conditions either ind,,ces or accentuates the voltage depen- We thank Carl Phillips fir preparing the figures, G. Ay for fabricating
dence. Specifically, we uced calcium and sodium at the the chambers, J. Michael and T. Sparks for assisting with the electronics,

physiological inner surface -f the channels in concentra- and Brian Hall for help installing an updated version of DAOS software.

tions about 100-fold higher than those found in intact We are expecially indebted to Dr. J. Daly for providing a generous supply
fo BTX for these studies. We also thank Drs. M. S. Brodwick, M. D.

Cahalan. D. C. Eaton, L. Goldman, P. A. Pappone. R. Payne, J. J.
inside, within the transmembrane field, might repel the Shoukimas, G. Strichartz, and R. W. Tsien for helpful discussions and -

cationic toxin from a binding site at the outer surface, and comments.
would thus confer voltage-dependence on the block, with "his work was supported by National Institutes of Health grants NS-

the orientation that we observed. At concentrations far 16775 to R. J. French and NS-16285 to B. K. Krueger, by the Bressler

below their dissociation constants, binding of the "compet- Foundaiion of the University of Maryland School of Medicine, and by
ing" ions would be negligible regardless of voltage, hence contract DAMD-17-C-2188 from the US. Army Medical Research and

voltage would have no significant effect on STX binding. Development Command, both awarded to B. K. Krueger and R. J.

This mechanism is related to the "modified competition" French.
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DISCUSSION FRENCH:lIwould agree.

Session Chairman: Alan FinkelsteinSeriber. Lawrenc B. Weiss. Juli Lai FINKELSTEIN: Could yon clarify your point about the experimental
Weiss. and Charles L Bowman Na * concentrations?

PAPPONE: In your paper you give two possible explanations for the
voltage dependence of STX block of BTX-modified Na* channels. It FRENCH: We used syanutrtic 0.5 MI NaCI in our experiments.
coutld be an effect of the BTX modification or of the unphysiologic Na' .
concentra~tion on the trans side. Do you have any data which address this ANDERSEN: In collaboration with Bill Greer. snd Larr Weiss, I have
question? done similar experiments uitta do& brain synaptosomes. Barring any

major species diferenice. we have encountered the same voltage depen-
FRENCH: These may be two distinct issues. Firstly, is BTX modification dense for TTX binding to 5Th-modified Na ' channels. This voltage
required for the voltage dependence? Secondly, when voltage dependence dependence is comparable wit that reported here and is independent of
occurs, is it due to an interaction between STX and some "internal" ion? Na * concentration. We hase Als found the Xp for TT.X block at a given
At thispoint. we havenrotdone experimentsat wide enough bandwidthsto potential varies with Ns* - nc-ntration. Between 50 mM and 2.5 M
study the channels in the absence of BTX and thus resolve the question of NaCI there is no change in the voltage dependence of rIX block~ and
primary BTX effect. Krueger et al. have addressed this in K*-depolarized there appeadrs to be a competitive interaction between Na* concentration
synaptosomes and found no effect of M3T on STX binding. This question and TTX block. This raises the question of whether or not 'TTX and STX .~-

is raised for our system because the Nsa concentration on the trans side bind in the permeation pathway. Further, although the block induced by -

was orders of magnitude higher than physi,2ogic concentration. There- SXadTXaevlaedpnet edntko ftebnigo
rore, the possibility is raised that Na* may displace BTX. We have no these toxins is voltage depeadentor if the block represents an independent
direct evidtace for this. process. Is there any evideince whether these neurotoxins bind in the

PAPPONE: Because you have interpreted the voltage dependence of preto aha rwehrte ida nalsei ie

block by STX to mean that STX has moved into the channel and becuse
STX and TTX have different numbers of charges. have you compared the FRENCH: There is no direct evidence. The idea that STX and TTX may
voltage dependence of these two toxins? act as a plug is suggested by the fact that these toxins contain guanidin-

ium groups, and that guamidiniumn can carry current through the Na'
FRENCH: Yes. We have some preliminary results and have found that channel.
TTX exhibits the same voltage dependence as STX.

YEH: The results of oar (Tanguy, Narahashi, and Yeh, unpublished)
FINKELSTEIN: Is it correct that for both STX and TTX there is an experiment with BTX on Na'channels in squid axon membranes suppomir
e-fold change in block for 40 mV? the idea that BI'X modification causes the toxin (STX) block to become

voltage-dependent. As had been repored in many other preparations.
FRENCH: Yet. BTh has two major effects an the gating kinetics in squid axon; it opens

Na' channels at very negative potentials and it removes Na* inactivation.
RUBINSON: I would argue that it is something other then the movement In addition. BTX-modificd Na' channels have different pharmacological
of the next charge on the toxin in the membrane field that is causing the profiles. For example. in the presencre of 10 nM STX, the Nat current at

effect. - 80mV was suppressed to50% 3the controk whereas al +20 mV. the *
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suppres:;ion was <20%. Thus the blocking action of STX in BTX- MOCZYDLOWSKI: What you're proposing is that only one gualidin-
modified channels is voltage dependent. ium is entering the field, while the second guanidinium would be .,:.

Furthermore, this voltage-dependent block occurs very rapidly. as completely excludedeven though thedistance between thesctwogroups is
rcrectcd in th, lack of time dependence of the unblocking rates. Fhis is in 3-4 A for the sa;ýito in molecule. This explanation seems unlikely.
marked contrast t,) the effect of STX on norrmal Na :haniels. As French
pointed out. STY block of normal Na' channels is not voltage dependent FINKELSTEIN: -'o rephra.t this important question: in the simple
and the unblocking rate is rather slow. blocking models it ias been assumed that the electric field is the same in

the laocked and unblocked rtates, but this model may not be correct. !t

MOCZYDLOWSKI: In Chris Miller's lab, we have been studying Na' may be more corrt-t to ask, wha. is te voltage profile that the blocking

channels fr)m rat muscle in bilayers and our data confirm that of Olaf ion sees when the iie is unblocLed? And what does it see after the site is

Andersen and ?obert French with respect to the voltage dependence of blocked?

toxin binding. In collaboration with Gary Strichartz and Sherwocd Hall.
we have studied six different derivatives of STX in which the net charge is 13ARCH I: Is the evidence you have presented consistent with a very small

modified by sulfate groups. The various toxins bear a net charge from 0 to voltage-dependent change in teriary or quarternary structure in the

4- 2. All those toxins exhibit the stme volige dependence. Our findings on binding site itself'?

Na' competition reveal oniy an effect on the association rate with no
effect on the off ratc constant in the range of 40-600 mM Na*. In the FRENCH: Yes.

simple competitive moidei. this suggests that the binding constant for Na'
is voltage independent while toxin binding to this site is voltage depen- ANDERSEN: I would like to point out another very interesting finding, ;':

dent. by Alrrers and Levinson (1975. J. Physiol. (Lond. ). 247:483), which is '

usually ciued as evidence for voltage-independent block but which actually
FRENCH: Those olservations argue against the voltage dependence supports voltage-dependent block. In a mvscle preparation ir. normal

frENCH:home o atheionnerge bcaunse thi would oag ly modife NaCI they determined a Kv for Tr'X binding. These muscles were then
bengduetoNa oy K depolarized in a Na*-free solution and the K0 was unchanged.
the off rate. However, other investigators (RarJ ansd Raftery. 1976. £iochemistry.

15-944; Barchi and Weigele. 1979. J. Physiol. (Load. ). 295:383) as well
AN DERSEN: We find no change in the off rate constant from 50 mM to as ourselves, have demonstrated Na" competition for.TTX binding; thus,
2.5 M Na'. making it unlikely that there is an effect of Na' from the one would expect an increase in K, of three-fivefok:l If one now assumes "
inner side. Their.6, however, a flaw in this a.gument. Ifthere is a 1.0 mM by going to the Na-free solution a 50-70 mV change in membrane
K9 for Na* to an inner binding site, we may really be looking at a potential, which should decrease the K0 three-fivefcAd, then one would -,ee
Na'-TTX interaction in a doubly occupied channel, no significant change in Ko. This was their observation.

HALL: Because your experiments are done in decane-cantaining mere- KRUEGER: It is interstinG that our results, which demonstrate voltage-

branes which exhibit electrostrictive th;nning, can you be sume that this dependent TTX and STX block, were obtair, d with BTX-activated

deformation is not the origin of your voltage depedence? sodium channels that were open in the steady state. This is in contrast to
other work in which the membrane potential was held for long times at
either hyperpclarized or depolarized potential at which the channels
were either closed or inactivated. It is of interest that Colatsky and

without decane, and our results are the same. Gadsby (1980. J. Physiol. (Loand. ). 306:20P) reported using a heart

preparation to study the steady-state block of open Na* channels under
BENNETT: If the toxin site is first in the permeation pathway and then conditions where the channels were upen but not inactivated. They found
in the blocked state, the entire potential might drop across the single a small but significant shift in the steady-state binding constant for TTX
guanidinium group, independent of the rest of the molocule, in the same direction as we report here.

FRENCH: Such a potential profile offers a possible way ofexplaining the ADELMAN: Once TTX or STX block has been established, can you
steep voltage dependence of action ofthe bulky toxin molecules, but it also relieve it with a change in voltage and is it time dependent?
raises two questions. Why don't we see a voltage dependence correspond-
ing to the whole voltage drop? And how would this picture apply to the FRENCH: This has not been done quantitatively, but on changing the
more complex derivatives that Ed Moczydlowski and Chris Miller have membrane potential one can see the relaxation to a new level of block
been studying? within seconds.

=.1
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E. CALgIMM GUAVIL§ EBQI RAI BRAIN IN PLBNAB §ILtijML

Sui~arY, Voltage-dependent calcium channels from rat brain were incor-
porated Into planar bilayers using similar procedures to those described
for sodium channel& (29). A membrane fraction i.ron rat bratn
zedian eminence was used as a source of these channels because that region
consists primarily of nerve terminals 'nvolveod in the release of neuro-
hormones (30). Calcium channels are thought to be concentrated in nerve
terminal& where they are involved in the stimulus-coupled release of trans-
mitter from syn~aptic vesicles, i.e., excytosis (31). In the presence of
symmetrical 0.25 M divalent cation, unitary fluctuations were observed with
single channel conductances of 5 p5, 8.5 p5, and 5 p5 for Ca**, Be**, and
Sr*, respectively. Monovalent cations, and anions were not measurably
permeant. Membrane depolarization increased the mean open channel lifetimes
(decreased the probability of closing) and decreased the LýAn Closed life-
times (increased the probobility of opening). The open lifetimes were
shorter in Ba** that in Ca* or Sr", suggesting a functional relationship
between ion permeation (unit conductance) and voltage-gating (probability
of closing).

The abilit7 to study single channels, which have a much smaller unit
couductance than uzodium channels (5 p5 vs 30 p5) wen due to the development 9
of a new current to voltage converter by Dr. French. Some of the sodium and
calcium channel current fluctuations, are still too fast to measure
accurately and faster amplifiers dre now being designed awit fabricated.

The channels incorporated in the planar bilayer have been identified
as calcium channels by several criteria detailed in ref. 29 a copy of which
which follows. To then extent that a direct compariso% can be moad, these
calcium chamnels have many properties in co&aon with calcium channels in
other tissues (32-34) including some that have been studied at the single
chc~nnel ievel. (33,34). We believe that these channels may function to
admit calcium iont into secretory nerve endings, in the rat brain to act as

a trigger for rele4&e of neurohormones. If so, these would be the first
such calcium channels from mammalian central nervous system to be studied
at the single chinnal level , and the first calcium channels of any kind to
be reconstituted into artificial membranes. We may be in a position to

answer a long-standing question as to whether ions can pass in both direc-
tionu through calcium channels. While t~le normal direction Is inward, Lee

and T#e.an (35) have shown thant potassium and cesium can movi outward
thrcutgh carliac calciut channels (calcium could not be tested). It appears
that in the experiments reported here, divalent ions are moving outward
(inward movement has not been tested so far for technical reasons). Experi-
oanto are being designed to demonstrate divalent movement in both direc-

tions in the reconstituted system, In order to directly resolve this
question.

We have proposed in the renewal application for this contract to
incorporate calcium channels from heart into planar bila~pera and to compare
their properties with those of brain channels. This is of interest because
of the pharmacological information available about cardiac calcium
channela, particularly with respect to "organic calcium antegonists"
M3,34).* These substancr ap which are used ta treat certain cardiac arrhyth-

Uise, block calcium entry througL heart calcAum channels. It will be of
interest to test their effects on calcium channels from nerve.
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Voltge-e peden caliumwhole brain. Planar bilayers containing phosphatic10-
vousge~iepntini alcum thanolarione (33 mg ml-', bovine brain; Avanti Polar Lipids)

channels from brain and phosptsatidylserinc (26mig ml-'. bovine brain; Aventa) in

;-icorporated into planar lipid bdiyers dcnweepitdacross a 100)-250 K~m hole in a polystyrene
at exa potifensepratng wochambers""~. both (except

Mark T. Pleeian, Robedt J. Freonebt where noted) containing (in mM) one ot 250 C#C11 or

& Rnone K. * StCli or B&CO, with 7.5 HEPES. 0. 11 CaCli. 0.075 MgCI,.
0.038 EGTA. pH 7.0 (that is. the divalent cation equilibrium

Deswtnmests of Physmotog "Ad BK~Aiqyist. Uni-ersiry of Maryland potential was normally 0 mV). The cus side of the bnlayer was
Scho~ol col Mdedicaer. Baltimsore. Maryland 21201, USA defined as that side of the bInlayer exposed to the mensorune

vesicles; the or-.-site (sprnht side was held at virtual ground.
Malay WWgb Phy~~ge1pcam, laetmdfqivi mewo-ama- Because, as inferred by their voltage dependence, the channels
fm~ar an I i M ead e.Um C .", ant regiilated by incorponrated in the bilayer oriented with the eatrafcellular enda
lbthe on eat g s. Ca'* Want le the eeill Levels W1 ey syiaeý of the channela facing the snarts side and their cytoplasmice ends

calleallsbe ad by the enty ad Ca" low throno atae facing the cis side, voltages reported here correspond to the
de~r~eu e~ebw~u Icea d m reley fear Ca`, Sa *sond Sir" usual cellular convention (inside tminus outside).

i Wellew uie ere c woeu dgh e, voltag- Within minutes following the addition of the membrane pre-
deydm elesmeh how er rat broer thit have bees parsti-.mto the cul side in the presence of1250 mM CaClt. BaCh,

Inaeoesoso laks plaiono litld Indyera. Chane gating one or SrCIz, slepwise current fluctuations o1 0.5 pA (Ca 1., Sr'1)
vlnage-deltnedesof inewsenhmo deeein ocie"m the or 0.85 pA (Ba2') were observed ait +I100mV (Fig. la-c). The" "on thoell OWa ties dernid b mdoIsn. The clion- bottom current records un Fig. Ila-c show that fluctuatiotns in
asel woen selansevforioe line ve inesy ea, current were not seen f or any 01 the divalent cations at - 100 mV.
T1he wellusnsw ealcine chd blacker. lastýr ed tad- The current leak through the btlayer in the absence of any
see. r Admre a costdedpne edoortion of thet channel passing current was symmetrical at ± 100 mV and cor-
appeorssi dinglif-dossd eodea.constancy so enpect- responded to a 'naked bilaycr' conductance o1 about 7.5 pS.
dasm". doe valv of the jueicad". cuel c-ones Figure I d shows superimposed asigle channel current stepa for
thirsagh ls 66dnehm l agoerted sam soly tdo Anotlehed eons- C&I. Ba` and Sr'* at + 100 mV. Strontium and barium have
dhetaseoee hut abon the deoo topes down, with men.lo opes been found to caffrry current throupk all Ca" channels studied.
don behing " rii legr badam, so that 'he ability of Sr*' or Ba-" to substitute for Cal' in

T1he nandian emnstesncle was chosen as a potential source of ntinut~aining Ca ' cirrfent is an important criterion used in
Ca"' channels bemause it is rids in nerve ternsinala which secrete identifying Cal' channels'. Figure I shows firsit that with
relesasing and inhibiting hworicses that travel to the pituitary equimoclar concentrations of the three divalenot cationsa the
by means 01 the hypopltysial poortall system". Chsannels were efficacy in carrying current at + 100mV was Ba >Ca -St. This
incorporated into bilayers from membrane vesicles that were agrees with reports for Cal' channels in other cell typesi"'.
made from rat brain m-Aian eminences using a method similar Second. clear, well-defined current steps were seen for all three
to that used for 5-roaptsomfres" or membrane vesicles" front divalent cationss at + 100 mV, while current fluctuations were

Fig. I a. Sielgle-chsanrtl a Co.'
cur"is fletactioss with 64
Ca"'. At +IO0nV (top 01w 4 i,
rmorsd). thes current flsiera- - .,.

atiataswereeO.SPA insysn-
unavel. [ia the "P oesperm

there were at least two J--
holding poteatml was thean
changed to -T100MV ihot-
tons .ecMIrdt. At - 100 MV. c d

sot osre.Tediffer- '"rr s loii P
riser in current hetween ,

with all ctannelscnoed ref:- c ,"remeists the tbare trilayer, coret-

vim75pS& ].......... VA%
fluctwationts with Bat'. At
+ IonmV. currenst fluile-
aistans of aboWs 0.85 pA with syiiauir:ric divalent cations were measurfed. At -list mV. cuirrent flurtuatarnst were not seens. c. Scringle-chaniset
currenst lurissations woi~thr~o. At +[00 rimV. current 0+rutnn fa~w 13 pA with synmeftnir divalent catiosn were measured. At -tIat mV.
elirret fthuetuetasas were onet ohersed. Hole diamtilerie: Iton win. d. Comparisont of single-charnel currents with tt'*. Ca- and So" at

16 wsithrtht cesen" in tihe and esui - tintin'.M 7ei1sed the bie-.dt were isiiinde in th A Mi~sits curreant ct~t~iwn he vtor .ed a t -5 fs atr

in 0.4 mV in -lit *er ohfers sotieseed Iptie type.i Bhawn mdlIIo o 1 nrldacyWoeue diino hn rmilesi

sllp~rt ia cnefroc . ) Spotlnrl')rwrd nse-~ecret lcuton"' llcprmnt r onutda

"trIeprtr h ct hc renrascvwwr de a utufdte i se ientsi ies k e
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a not seent at - 100 mV. Thus, the Rating Of these single channels
is. voltage-depenident. Since single-hannel current fluctuattons
continued to he observed for many seconds following a voltage
step. the channels under these experimental conditions do not

completly inactivate (compare refs 9-11)I. Thus far, with the
*'~ condtosdsrbdi hsppew aebe bet etr orate Cal' channels on virtually every attempt (>30) sand

~. ~ 4channescnfrequently bestudiedfor periods of 30to 60 min[ - ~ ~ * ~ follonwing incorporation.
Siaglie-chanisel csurent-voltage relationts for these cations are

It shown in Fig. 2. Figure 2a shows representative single channel
- .woth U.AiaMVd5 w'lW'~ Van go01r0" ecoed at three potentials with Sr'* as the current carrier.

Figure 26 shows that the singlet-channel current with either
a Cal'. IMa" or Sr" as the current carrier was proportional to

b Sapptlio voltage over a range of about 145SmV. Thse single-
channel contluclances. with Cal% Os"* and Sr" as the curtrcnt
carriem were 5 pS. 8.5 pS and 5 pS. respectively. indicating last1

a withe symmtneric 250 mMl divalent cations, Bal* moves through
the channel about 1.7 times fatter than Cs"ý or St-". At poten-
t"aslsv + 100 mV, open channel current noise with all three
divalleta cations increased stubstantially (see Fig. 2a). Reducing
the Caz' concentration fromn 250 to 150 mM had no effect on

a the sisgle-csatnnel conductance, suggesting that at the levels of
5 cation used in these experiments, the Cal' channels were

a sallarated with respect to the current carerier"-". Die use of
Ca~ X sytmmetric solutions eliminates surface potential differences, and

aS2 A r channel saturation etILsinates variation in the degree of
* oceuprascv by the pecoseant ions. Thus. the different single-

channel conductances should reflect dillferences among the limit-
04 ing rates of transport of these ions through the channels. Nega-

live to +30 mV. the single-channel currents were too small and
C0 *& too brid to measure. Patch damp studies on intact cultured rat

So.5 *iO 100 *200 h26 eat misle aned clonsd rat pituitary cells suggest that single-
Voltage low) clitnel Wl' currents increase linearly over a 50-60 mV

9& -40 rsg'j and that Bar- carries more current than Cal' through
(6* single channels in Helix neurones".

6a)a" +,saw Direct evidence of selectivity for divailent cations over
4141 .% ver 00.141 nmosavallent cations is shown in Fig. 2c. In this experiment, the

%le tr Sa l t1 solution was replaced with an isotonic solution of
NaM. Although the channels were open long enough to be

a tmeasured only at potentials more depolarized than +20 mV,
the single channel current-voltage relationship was linear and

0.4 coud be extrapolated to a potential (-44 mV) that was very
At close toethe divalent cation equilibrium potential (E.,,. -47 mV).

I Bycontrasit. the chloride equilibrium potential (Ec,) was +9 mV
and the sodium equilibrium potential (E,,.) was nominally plus

Sinfinty. This result rules out the possibility that these channels
select for Na' or Cr. In other experiments. a high concentration

-- ('e~ (a (20mM) Of KCI was added to the cis side with ISO-
- -. cuOl 250sM CaCd, or BOsC, present on both sides. In these experi-

ments (results not shown). there was no change in the single
44. +..chame current at any potential. These results also support the

-40 a ai 40 G +o +39 conclusion that these channels are Selective (Fo divalent cations
vwlls. tmvs Ove mionovalent ions.

As was illustrated in Fig. l a--c. the channels are more likely
Fig.?2 Current voltage relatfionsFor single cakiutit chaninels. a to he open at positive potentials. We have also analysed the
Effects of voltage on the; magnuluder of single-diantnel currents
Recoards were taken on the samte membrane with syntimetric effect of changing potential an the single-channel open and
250 mM SrCt2. met solid hotizontal hers in eack record indicate dosied tinves. whichs reflect the probsabilities of closing and open-
ihecurn lvlwtalchasnnesclosed. N~otedissenter: tOo v~s. ing. Using either Cal' B, or Sr* as the current carrier.
Atisse +ltKSmV. there isa pronounced increase in current fIutues- decreasing the membrane potential from + 100 mV to + 50 mV
attwins in the open state ofi the channel. &. Carrentl-oltage relatkin- caosed the channel open times to decrease. and the closed times
%hip for %tingle calcium channels with Ca'.. Ba"* and Sr". Syni- liatieretals between openinp)il to increase (data shown for Bas".
metric Vill mM dfivalent catii~ns. that is. the etro-curttust pintential FWg 31. At + 100 mV. the mean open time of the channel with
and dfivalent calm.t equliluliufim potential were at 0 MV single- Bar" asthe current carrier was about 127 miFeegM. 3b). Reducing
channel conductances for Cal% lis'* and Si"* were 5 It% 3. i the potential to +75 mV and then to +50 mV decreased the
and 5 p5. respectively. e. Single-channel Current voliagte retlatins
with yrnmetrical 2 %0 mM SKI! IA. samne data asin h I and with tinca. open time of the channel to 76inms and to 29mis. If the
M'i7mM NaCI. A. I mM StC12 on the itra, saide and 250 m1l St~l. mean tipel time c~ititirtues to decrease a% the memhrane poten-

tion the, cit side 1a,11 mhe equilibrium ptwentiak iIrautated from ilistisredutced further. then the channel open limes %hould L~ave
cnnrenlratkiinst (IC thesw expwruuent% wceft 4svumeitrics. 1:1, - heen in the millisecond range arosund P~ mV. a value similar tot
F.,I - 1 V: A 4asmnetirct.V, - -47 mV. I, I- 9 n'us. L_.- those obtaianed in patch clamp experiment% (n other prepar.
n.nminalt titus otnlits The tArics i4 the liear rearessna isoidi ations'. Rculucine the poiler~lial not only decreased channel
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3c). From vlOOmV to t-5OmV, the closing rate increased (0.4 as for -al; 0.7 p for Ca2 *and Sr*. calculated from the
4.4-fold and the openirif rale decreased 2.5-fold indicating that unit current at + 100 mV). A similar relationship can be derived
the probability at a channel being open changed approximately from op-n tinses and 'nit conduoctanc~s observed when different
1O-toid for this S0 mV change in membrane potential, a value alkali cations can-f current through the acetylcholine receptor
similar to that found for Bae -conducting channels in cultured channel"". in addition, the order nif the mean open times
heart Musick ells". (B&2'<Sr'<C&a

5
) is the samie as the order of apparent

Channel open timess were affected by the species of ion carry- affinities of these ions foir Cal channels in rast brain synapto-
ing the csurrent through the channel ns well as by voltage (can- looesen. These results are consistent with the general idea that
truss ref. 22). Throughout the range of potentials studied. chan- occupancy 01 a channel by 3 2ermeant ion can impede channel
nels with Bae caryn the current had a asoeiter mneans open closing, a conclusion also reached in studies of aquid axon
talse than with an, or Se as current carriers (Fig. 3d). At potassium chavnnels"a.
+100 nxV. the singie-clsannel metals open tsimes wish Be'*, Src Calcnium entry into a wide variety of cells is mediated by
anvd Ca'* were 127 ims, 385 ma and 454 livs. respectively. Thus. voltagle-activated channels that are permeable to the cattonts
there isa parallel between the sequenace d mean open times CA'-, Ba* andl Ste (see Fig. 1; for review see red. 3). The
and! the seviuience 01 mean transit timesf for the permnant ions exact meelsantvatt of ion permeacition is unknown. but one im~pt~r

tant step may be the asscijations 01 CA` with a binding tate tn
sea-x the channel. There is good evidence that as many types 01 cells.

* lanthanum and a variety 01 transition metals block Cal* move-
~J. L ment through tse csarinvels by competing with Ca` for this site.

Yi r i To date, thelre ame no data at Sthe single clspnnuel level an the
~A 1 ~mectuanism ofblock by inorganic ions.We found that lanthanum

reduces the tangle channel curreent in a dose-depenident mantneir
- ' (Fig. 4). In the presence, of 25 mM SeW., 145 ILM A" reduced

two the singe channoel current by 50%. In addition to lanthaniums.
cadmium sand manganese also reduced the single channel cur-

*'' rents, withi the order 01 potency being: LzWý > Cd2 M '

Theu~ iteivityansog C'. &* ldr* adfinivln
beemnstuivaedm incabrety 01hexctbetue. sealaglhveral cnunreusol-

ved questions about Ca" chiannels. the following appear to he
espocirally well-suvited for investigition usting the bdlayer system:.
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FII. 3 Voltage-depenidence oW sangle-chatiniel open times and closed itimes..a. mtrginat record of single-channel. urrest fluctuations Onith 84'
matsitirersrnt earrier at +.SOmnV. +75 mV and +t100lmV, Thesolid thorsshow the level at which allitie channvels, were closd. b. Lfftee of notlle
on the doistrution of siegle-ctiannef open timecs. Open-itime dirirsutivom were deeirrn'nd fromn the same experiment shove is 3a. The open
times were determined froms vingle-level fluctuations that terminated insi cloiare. maltipse-levet fliactuationts were vtae and were not counted.
The dtstnhutiisns of opten tinsves at +1,0 msV. +75 mV. +100) mV could he descnhed is each case by a single exponential. Plotted on a logarithmic
swale on the ordrinate is the percentage of events that lasted at least as king as the time indicated on the ohictaa. The total niamber of events.
the shipes and coirrratkiii coefficients of the linear regrsiotsm ltine, through the lop-transfortmed daia were at +10 mV. 142. -. 4.7 s '.-0.993;
at +7S mV%. 77. - il % . -ttia~vs; and& at tivilmV. 75. -7.41%'. -01".9 c. Efmteit vf oltage on the di,irihutionv of timeshbetween openings
from the "ame experiment. The disritiitatotisof closed limve, at .50 in%;. +75 mV and. li+ IM could alsts he iescrihed isy singl espofneittals.
The total namher t4d event%. ih: slhspes and cotrrlation cietficiniv of the linear regression lines througih the log-transformed data %eresat .04 mV.
142. -0.39ts'. -1.19 at+75mvV. 77. -Hi76, '. -01.9x5: .rJ at -tIM mV. 71. -iiw54 ,i. -0.9974. &lifteisof B'. Cal' and St"' ins he
distrifsatn, 11f singlec~hannecl open tinv.-. ir + 100mV The total wenmiser of events and ihe stiipe and conrelations coettictenis of the linear
rergrekms linesthroagh the li,.giran...rmest data ere with ft.`% 75.- 7 9, -11t9il. a.iih Str*. 124. - 2.tis.-l~i and wih Ca' t1$2.
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15 I SO, ÷ tet hy esis could be tested in the planar bilayer system by adding

eilthcr the neurohormones or the constituents necessary for
protein phosphorylation. (3) How do clinically important *Ca-Ou W.'* antagonists' affect single Cal* channels" ? The side of the chan-

selsat which these agents act and the reversibility of their action
coaid easily be investigated. Finally, the planar bilayer system
may also provide the opportunity to compare Ca" channels

from different tissues, such as heart and smooth muscle. tnder
wel-definelJ conditions.
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